ABSTRACT WASHAM, C. J. (Oregon State University, Corvallis), C. H. BLACK, W. E. SANDINE, AND P. R. ELLIKER. Evaluation of filters for removal of bacteriophages from air. Appl. Microbiol. 14:497-505. 1966.-Glass wool, nonabsorbent cotton, fiberglass filter medium, and a commercial absolute filter were tested for effectiveness in removing aerosolized bacterial viruses under low flow rate (1 ft3/min) and high flow rate (10 to 25 ft3/min) air-flow conditions. Special equipment was designed for measurement of filter efficiencies under the two air-flow conditions. Under low airflow rate test conditions, glass wool was only 98.543 to 99.83 % efficient, whereas cotton (five layers), fiberglass medium (three layers), and the commercial absolute filter were at least 99.900, 99.999, and 99.999 efficient, respectively. Glass wool and cotton were not used under higher air-flow conditions because they were difficult to assemble in leak-tight filters. The commercial absolute filter and fiberglass medium (three layers) were at least 99.990 and 99.999% efficient, respectively, under the higher air flow conditions. A stainless-steel filter of simple design and fitted with three layers of fiberglass medium was found to be greater than 99.999% efficient in removing high concentrations (20,000 to 70,000 plaque-forming units per cubic foot) of aerosolized bacteriophages from air moving at a low flow rate (1 ft3/min). Use of this filter on pressure-vacuum tanks in the fermentation industry is suggested. Several other uses of such a filter are proposed. 
. Allen (2) (9) , and Maxon and Gaden (12) . A few years ago, Aiba, Nishakawa, and Jbeda (1) described a new air-sterilization filter constructed of polyvinyl alcohol plates which was greater than 99.99 % efficient in removing airborne bacteria. More recently, Lippmann et al. (11) described a light-weight, high-volume electrostatic precipitator which was found to be greater than 99% efficient in collecting airborne particles (sodium fluorescein) with an average diameter of 3.5 ,u; 96% efficiency was observed for particles 0.7 u in diameter.
The present study was undertaken to evaluate some of the filter media now being used in fermentation and food plants and hospitals to "sterilize" air. A secondary objective was to design a simple filter holder which might be used on fermentation tanks or in other locations where filter-sterilized air is required.
MATERIALS AND METHODS
Filter media. The filter materials evaluated in this study were glass wool (Corning Glass Works, Corn- ing, N.Y.), unbleached nonabsorbent cotton, fiberglass filter medium [M004, 0.5 inch (1.27 cm) thick, Owens-Corning Fiberglass Corp., Toledo, Ohio], and a commercially available absolute filter (Cambridge Filter Corp., Syracuse, N.Y.). Filters constructed of these materials were tested under low and high air-flow rate conditions not only because of existing industry practices, but because the mechanism of filtration at low rates involves Brownian movement; whereas at high rates of air flow, filtration is predominantly dependent upon inertial impaction or impingement (3).
Low-velocity apparatus. Testing under low air-flow rate conditions involved two features: (i) a plenum chamber, which was utilized to suspend the entire airborne aerosolized population to be tested until the larger droplets had fallen out and a stable aerodynamic droplet size had been achieved, and (ii) the sampling of 100% of the filtered air, because the sampling rate (I ft3/min) was the same as the filter flow rate. The plenum chamber, constructed of 4-mil polyvinyl chloride flexible film had a capacity of about 6 cubic feet. The complete apparatus, shown in Fig. 1 , consisted of the chamber, two Andersen air samplers, a filter holder, a nebulizing port, two flow meters, and a vacuum pump.
At the beginning of each trial, the plenum chamber was inflated to about three-fourths capacity with filtered, compressed air. The nebulizer used in these studies was a 250-ml glass chromatography sprayer (Fisher Scientific Co., Pittsburgh, Pa., catalog no. 5-719-5); compressed air was used as the pressure source. (Fig. 2) . The inlet pipe stem was 2 inches (5.08 cm) in diameter and protruded about 1.375 inches (3.49 cm). The body of the holder was 5 inches (12.7 cm) in diameter and about 10.25 inches (26.03 cm) long. Filter material was wrapped around the core of the holder and held in place with hose clamps and rubber bands. The end was coated with rubber cement, and the overlapping metal area of the assembled filter was made air-tight with tape. A short rubber tube 1 inch (2.54 cm) in diameter connected the Andersen air sampler with the filter holder.
One Andersen sampler monitored all the air passing through the filter, whereas the other sampled air in the plenum chamber at the inlet of the filter holder. (A rubber probe attached to the second sampler was inserted into the plenum chamber from the bottom to a height level with the center of the intake opening of the filter holder. A cap was placed on the probe until the sampling period began to prevent entrance of aerosolized phage into the sampler). Both samples were connected through flowmeters to vacuum pumps (model 021 l-P45, Gast Mfg. Corp., Benton Harbor, Mich.) which were adjusted to pull 1 ft3/min through the samplers. The operation times of the vacuum pumps were in turn controlled by an interval timer (Gray Laboratory and Mfg. Co., Dayton, Ohio).
High flow-rate apparatus. To test filters and filter media under higher flow-rate conditions, it was necessary to set up a continuous flow apparatus. This apparatus consisted of a fiberglass plenum chamber ( Fig. 3) attached to an 8-ft (243.84 cm) galvanized steel duct (6 by 6 inches; 15 .24 by 15 .24 cm) containing a removable section (Fig. 4 ) which could be replaced by a commercial filter or be used to clamp filter media in the duct. A squirrel cage blower (model no. 2C940, Dayton Electric Mfg. Co., Chicago, 111.) was used to pull air down the duct at rates up to 25 ft3/min. The air flow was measured by means of the pilot tube also shown in Fig. 5 . Rubber sampling probes 1.125 inches (2.86 cm) in diameter were inserted through the top of the duct on each side of the removable filter section to the center of the air stream. Andersen air samplers were then fitted with gelatin-containing assay collection plates, inverted, and attached to the sampling probes (Fig. 4) . Continuous nebulization was used during experiments with this apparatus, and thus no fallout time was allowed for droplet size equilibration. containing 27 ml of 5CO gelatin, were warmed until they were liquefied. The contents of the plates were transferred to a 25-by 250-mm test tube and were mixed with a Vortex mixer. Duplicate 1-ml quantities Data showing results obtained when nonabsorbent cotton was tested as a filter medium appear in Table 3 . This material appeared to be more effective than the glass wool, especially when five layers were used, since all but one trial under these conditions revealed greater than 99.900% removal of aerosolized phage. Table 4 shows the results obtained with the low flow-rate apparatus when the fiberglass filter medium was tested. It may be seen that this material was more effective than the cotton or glass wool, especially when two or three layers were used.
Evaluation results with the commercial absolute filter are shown in Table 5 . This filter was quite effective (more than 99.999%) in removing the airborne phage particles.
High air-flow filter evaluation. Table 6 shows the results obtained when the absolute filter was tested in the higher air-flow test apparatus. Greater than 99.991 % phage removal occurred in each trial. Results with the fiberglass filter medium under these conditions were similar (Table 7) . In these trials, the air flow varied from 10 to 18 ft3/min because of the increased pressure drop that was encountered across the filter with more layers of the fiberglass. When only one layer of this filter medium was used (trials 1 At one point in the current study, concern was expressed that bacteriophage particles might be escaping undetected through the air sampler on the postfilter side, though Andersen (4) showed such slippage does not occur. To insure that this was not the case, air passing through this sampler was, on several occasions, passed through a Millipore membrane filter pad (0.22-j, diameter pore size) which was subsequently planted on a lawn of host organisms. No lysis areas were observed after incubation of the plate.
Data in each of the filter evaluation tables (Tables 2 through 7) show not only the efficiency of filtration under the different air flow conditions, but the concentration of phages with which each filter was challenged at the face. Such high concentrations, ranging from about 9,000 to 580,000 PFU/ft3 of air, would represent (Table 5 ) to be greater than 99.999% efficient. The purchase costs and maintenance of such a filter, however, may be greater than that of the stainless-steel filter pictured in Fig. 2 , which provides nearly the same penetration protection. The stainless-steel filter with fiberglass filter medium can easily be installed on pressure-vacuum fermentator tanks. Also, this filter, like the commercial absolute type used in this study, can be repeatedly autoclaved and reused without disassembling. It, of course, would not be necessary to sterilize the filter each day; once a week would be sufficient with changes of filter medium once a month or so.
Air-filtering units installed in culture-handling laboratories, hospital operating rooms, and foodprocessing plants are designed to turn the air over from 5 to 15 times or more per hour, depending on the size of the room and the rating of the unit. Flow rates upward of several hundred ft3/min are necessary to accomplish this. Although these flow rates were not realized in the present study because of pressure drop in the restricted terminal end of the testing apparatus (Fig. 5) , it is felt that the filter evaluation data can be applied to commercial situations. Certainly, at least it is clear that the fiberglass filter medium is a highly effective filter material under both low and high air-flow conditions. There appeared to be little difference in performance of the commercial absolute filter and the fiberglass filter medium when tested under the higher air-flow conditions (Tables 6 and 7) . Air-conditioning units allow installation of the commercial type, and they proved to be highly satisfactory in this study.
Other possible uses for either the commercial or simple filter described in this study would be in providing filtered air to food-processing rooms, "germ-free" laboratories, pharmaceutical preparation rooms, and tissue-culture laboratories. The construction and assembly of component parts for space vehicles in areas served by sterile air may also be facilitated by use of such filters.
